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ABSTRACT 
I n  t h i s  r e p o r t ,  a model i s  developed which relates genera l  p lane tary  
explora t ion  ob jec t ives  t o  spacecraf t -or iented p lane tary  quarant ine 
requirements ( s t e r i l i t y  l e v e l s ) .  This model i s  somewhat more r e a l i s t i c  
than  previous models i n  t h a t  it considers only a f i n i t e  number of missions.  
When only f i n i t e l y  many m i s s i o n s  are envis ioned,  t h e  p robab i l i t y  t h a t  
a mission contaminates t h e  p l ane t  is  highly dependent upon t h e  probabi l -  
i t y  of mission success .  So much so, i n  f a c t ,  t h a t  f o r  c e r t a i n  (not  
unreasonable) parameter va lues ,  it i s  impossible t o  obta in  a s t e r i l i t y  
l e v e l .  I n  many o t h e r  cases ,  even when a l e v e l  can be  obtained,  it i s  
impract icably severe.  This suggests t h a t  f u r t h e r  i nves t iga t ion  w i l l  
be  needed before  agreement i s  reached about spacecraf t  s t e r i l i t y  l e v e l s .  
Proj  e c t  NO. 340.229 00 
This  work w a s  performed for t h e  Bioscience Divis ion,  Off ice  of 
Space Science and Applicat ions,  NASA Headquarters,  under NASA 
c o n t r a c t  Nwber R-09-019-040. I I 
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I. Apologia 
Modeling i s  a dynamic a c t i v i t y ,  s i n c e  a model is a func t ion  of one 's  
a b i l i t y  t o  observe,  and as t h i s  a b i l i t y  inc reases ,  changes may be  requi red  i n  
t h e  model. Furthermore, ana lys i s  of e x i s t i n g  models m a y  l e a d  t o  contra- 
d i c t i o n s ,  making a d i f f e r e n t  model des i r ab le .  Thus, i n  a r r i v i n g  at a 
" sa t i s f ac to ry"  model, it may be  necessary t o  formulate "intermediate" models. 
The first model i n  t h e  area of p lane tary  quarant ine requirements was 
developed by C. Sagan and S. Coleman, and a l l  of t h e  subsequent models known 
t o  t h e  au thors  have been based upon t h i s  o r i g i n a l  work. The Sagan-Coleman 
model generated p lane tary  quarant ine requirements under t h e  assumption t h a t  an 
i n f i n i t e  number of missions may be launched. 
by t h e  Committee on Space Research i n  1964, and have been t h e  b a s i s  of 
i n t e r n a t i o n a l  agreement. 
I n  t h i s  paper,  a model i s  developed i n  which a f i n i t e  upper bound on 
These requirements were discussed 
t h e  number of missions t h a t  w i l l  be launched i s  assumed. Because of t he  
na tu re  of t h e  conclusions t h a t  can be  drawn from t h i s  model, it should be 
c l e a r l y  understood t h a t  no claim is made t h a t  t h e  model presented i n  t h i s  
paper  is  t h e  f i n a l  " sa t i s f ac to ry"  model des i r ed  by t h e  p lane tary  quarant ine 
community. I n  f a c t ,  t h e  authors  view t h i s  model as an attempt t o  s t imu la t e  
f u r t h e r  thought about t h e  t r adeof f s  between experimental  success  and 
p l ane ta ry  contamination. 
It should also be pointed out the* the zcz?xrs used i n  this repoi% are 
f o r  i l l u s t r a t i v e  purposes and not  necessa r i ly  those  numbers which w i l l  
u l t i m a t e l y  be  used i n  t h e  explorat ion program. 
p r imar i ly  because they correspond to  numbers appearing i n  o the r  modeling 
e f f o r t s ,  and t h i s  allows some comparison o f  results. 
They have been chosen 
3 
11. In t roduc t ion  
6 
. 
A t  p re sen t ,  t h e  Committee on Space Research (COSPAR) i s  looking 
forward t o  a per iod  -- (1969-2021) -- of unmanned Martian explora t ion  by 
t h e  U.S.A. and t h e  U.S.S .R.  This unmanned phase of t h e  p lane tary  explora- 
t i o n  program w i l l  make use  of flyby, o r b i t e r ,  and lander  missions.  
f lyby mission cons i s t s  of a bus vehic le  and space capsule  t h a t  are intended 
t o  pass  wi th in  a prescr ibed  d is tance  from Mars and then  proceed i n t o  o r b i t  
about t h e  sun. 
bus veh ic l e  and space capsule  are i n j e c t e d  toge the r  i n t o  a Martian o r b i t .  
Once i n  t h i s  o r b i t ,  t h e  lander  c a m u l e  i s  separa ted  from i t s  bus veh ic l e  
(which continues t o  o r b i t  Mars), and i s  landed on t h e  Martian sur face .  
A Martian 
In t h e  cases  of the  o r b i t e r  and l ande r  missions,  t h e  r e spec t ive  
This program of Martian explora t ion  would be considered success fu l  i f  
1) 
2 )  Mars were not contaminated, and 
3 )  
A s e r i e s  of  s c i e n t i f i c  experiments were successfu l ly  completed, 
t h e s e  f i r s t  two objec t ives  were a t t a i n e d  wi th in  t h e  time and 
cos t  c o n s t r a i n t s  of t h e  program. 
The words "successfu l  program" and "contamination" are terms t h a t  
r e q u i r e  f u r t h e r  de l inent ion .  
of  a l l  t h r e e  program aims. O f  course,  t h e  a i m  of non-contamination i s  t h e  
most c r i t i c a l  a i m  because t h e  contamination of Mars at an e a r l y  s t a g e  of 
exp lo ra t ion  would cancel  any f u r t h e r  p o s s i b i l i t y  of  unbiased explora t ion ,  
and t h e  contamination of Mars a t  a la te  staee o f  explornt40fi  wnirld den:; 
t o  f u t u r e  t imes and improved techniques t h e  chance t o  work i n  a n  exobiolog- 
i c a l  preserve.  By contamination of t h e  p lane t  Mars i s  meant t h a t  at  least  
one non-Martian v i a b l e  microorganism has been introduced t o  M a r s ,  found 
t h e  necessary n u t r i e n t s ,  and mul t ip l ied  s u f f i c i e n t l y  t o  b i a s  f u t u r e  explora- 
t i o n  of t h e  p l ane t .  A t  t h i s  s t a g e  of planning, wi th  l i t t l e  known about t he  
' tSuccessful program" refers t o  t h e  at ta inment  
. 
Martian condi t ion f o r  Supporting l i f e ,  a conserva t ive  d e f i n i t i o n  must be 
assumed. With more knowledge of Martian ecology t h i s  not ion may be modified. 
T h i s  burden of not contaminating Mars has t o  be recognized as a 
cons t r a in t  and every e f f o r t  i s  being made t o  work w i t h i n  its l i m i t s .  TO 
some, such a c o n s t r a i n t  i s  most e a s i l y  observed by delaying o r  cancel ing 
t h e  program, w h i l e  o t h e r s  p r e f e r  t o  ga in  knowledge w h i l e  minimizing t h e  
danger of contamination. It i s  at  t h i s  crossroad t h a t  one at tempts  t o  
pinpoint  c r i t i c a l  parameters i n  the  program i n  order  t o  maximize t h e  chances 
of  success  while minimizing t h e  r i s k  of  contamination. 
A model r e l a t i n g  the  ob jec t ives  of t h e  unmanned Martian explora t ion  
program t o  hardware o r i en ted  subobject ives  i s  developed and d iscussed  i n  
t h i s  r e p o r t .  S u p e r f i c i a l l y ,  t h i s  model resembles o t h e r  models developed 
f o r  t h i s  same purpose, however, t he  model developed here more near ly  
r ep resen t s  " r e a l i t y " ,  and leads  t o  somewhat d i f f e r e n t  conclusions.  
Because of t h e  n a t u r a l  uncer ta in ty  about most o f  t h e  parameters 
appearing i n  t h e  model der ived  here ,  t h e  model has been analyzed us ing  
many combinations of values  fo r  these  parameters.  This r e s u l t e d  i n  a 
large c o l l e c t i o n  of  data, most o f  which w i l l  appear i n  a forthcoming com- 
panion document. 
Def in i t ions  of a l l  of t h e  pe r t inen t  model parameters are given i n  
Sec t ion  111. T h i s  i s  done pr imar i ly  f o r  i n t roduc t ion  and re ference  pur- 
poses s i n c e  these d e f i n i t i o n s  are reiterated p e r i o d i c a l l y  throuqhaiit. t h e  
r e p o r t .  I n  Sec t ion  I V  t h e  model i s  developed and c e r t a i n  aspec ts  of t h e  
numerical  a n a l y s i s  needed f o r  ca l cu la t ions  are discussed.  Sec t ion  V is  
devoted t o  a d iscuss ion  o f  t h e  model p r imar i ly  w i t h  regard t o  i t s  s i q n i f i c a n t  
f e a t u r e s  and i t s  d i f f e rences  from previous models. Some sample c a l c u l a t i o n s  
are used as i l l u s t r a t i o n s .  A complete sample ca l cu la t ion  i s  presented i n  
5 
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Section VI. 
to be used. 
T h i s  is done to illustrate the way in which the model is 
6 
111. Formal Def in i t ions  
. 
The f i r s t  s e r i e s  of  d e f i n i t i o n s  i n  t h i s  s e c t i o n  i s  p;iven i n  order  
t h a t  t h e r e  be a t  least  a ve rba l  preciseness  about t h e  o v e r a l l  program 
ob jec t ive  used i n  formulat ing t h e  model. The program ob.jectives are 
s t a t e d  here  i n  terms of successfu l  missions,  and t h i s  i n  t u r n  i s  r e l a t ed  
t o  success fu l  experiments. Reasons f o r  t h i s  approach a r e  discussed i n  
t h e  next s ec t ion .  
The Martian Explorat ion Program i s  a plan t o  s c i e n t i f i c a l l y  i n v e s t i g a t e  t h e  
p l ane t  Mars by unmanned lander ,  f lyby,  and o r b i t e r  missions.  
The Martian Explorat ion Program would be considered success fu l ,  i f  
1. a )  N l ander  missions are I, 
b) 
c )  N o r b i t e r  missions are "successful" ,  
2. The p l ane t  Mars w a s  not contaminated, and 
3. (1) and ( 2 )  w e r e  a t t a i n e d  wi th in  t h e  t ime and c o s t  c o n s t r a i n t s  
NF f lyby missions a r e  "successful" ,  
0 
of  t h e  program. 
A capsu le ' s  mission i s  termed successfu l ,  i f  Z% o f  i t s  on board experi-  
ments are deen;ed t o  have worked. 
An on hoard experiment w i l l  be s a i d  t o  have worked i f  t e lemet ry  da t a  
ind ica t e s  t h a t  an on hoard experiment has functioned as planned. 
The p l ane t  w i l l  be  contaminated i f ,  a t  any t i m e  p r i o r  t o  t h e  las t  mission 
(determined hv t i m e  cnnstreicts) t h e r e  312 presef i t  O i i  iiie pianet  
s u f f i c i e n t l y  many v i a h l e  non-Martian microorganisms t o  b i a s  fu tu re  
experimentation. 
The ob, ject ive of t h e  ?fartian Exploration Program i s  t h a t  it be  'I suc c es s f u l  
A A 
with p r o b a b i l i t y  g r e a t e r  than o r  equal t o  some number p ,  0 5 p < 1. - 
7 
The following d e f i n i t i o n s  have been gathered here  i n  order  t o  provide 
a re ference  l i s t  of t h e  more important terms f o r  t h e  reader .  I n  most 
cases ,  t hese  d e f i n i t i o n s  have been r e - s t a t ed  when they  are used, and i n  some 
cases a g r e a t  d e a l  of  e x p l i c a t i v e  motivation e n t e r s  i n t o  a term which i s  
found where t h e  term i s  introduced i n  t h e  model. 
P 
pL 
pF 
pV 
EL 
EF 
0 E 
NL 
*F 
NO 
.I 
= The p r o b a b i l i t y  of  successfu l ly  completing a Martian Explorat ion 
Program. 
= The p r o b a b i l i t y  t h a t  a s i n g l e  lander  capsule  contaminates Mars. 
= The p robab i l i t y  t h a t  a s i n g l e  f lyby capsule contaminates Mars. 
= The Drobabi l i ty  t h a t  a s i n g l e  o r b i t e r  capsule  contaminates Mars. 
= The p r o b a b i l i t y  t h a t  a s i n g l e  bus veh ic l e  contaminates Mars. 
= Tota l  numher of  experiments intended t o  be performed by t h e  
lander  missions.  
= Tota l  number of  experiments intended t o  be performed by t h e  $lyby 
missions.  
= Tota l  number o f  experiments intended t o  be performed by t h e  o r b i t e r  
missions.  
= The m i n i m u m  number of SUCCeSSfUl lander  missions needed t o  perform 
a t  least  E experiments. L 
= The m i n i m u m  number of successfu l  f lyby missions needed t o  per30rm 
+;r a t  least  fiF experiments. 
= The minimum number of  successful  o r b i t e r  missions needed t o  perform 
a t  l e a s t  E experiments. 0 
= The number of experiments on board t h e  ith lander  mission. %,i 
8 
1 .  
= The number of experiments on board t h e  ith f lyby  mission. 'F,i 
= The number of experiments on board t h e  ith o r b i t e r  mission,  
'0,i 
P = T h e  p r o b a b i l i t y  of a successfu l  lander  mission. 
LIS 
P = The p r o b a b i l i t y  of  a successfu l  f lyby  mission. 
F,S 
P = The p r o b a b i l i t y  of a successfu l  o r b i t e r  mission. 
0 9s 
P(k) = The p r o b a b i l i t y  t h a t  t h e r e  are exac t ly  k v i ab le  non-Martian 
microorganisms on board a lander  capsule  when it impacts on Mars. 
= The p r o b a b i l i t y  t h a t  t h e r e  i s  at  l eas t  one v i a b l e  non-Martian -- P 
microorganism on board t h e  lander  capsule  when it impacts Mars. 
= 1 - P ( O ) ,  (where P(0) is P(k) with k = 0 ) .  
KL, KF, KO, KV are def ined by equations ( 3 )  and ( 4 ) .  
PR(? Jk) = The p r o b a b i l i t y  t h a t  exac t ly  T v i a b l e  non-Martian microorganisms 
are r e l eased  upon t h e  Martian sur face  given t h a t  t h e r e  are exac t ly  
k on board t h e  lander  capsule.  
P B ( ? )  = The p r o b a b i l i t y  t h a t ,  given t h e  r e l e a s e  of T v iab le  non-Martian 
microorganisms on t h e  Martian su r face ,  f u t u r e  s c i e n t i f i c  explora- 
t i o n  on t h e  p l ane t  Mars i s  b iased .  
Pn(k) = The p r o b a b i l i t y  t h a t ,  given exac t ly  k v i ab le  non-Martian micro- 
organisms on board t h e  lander  capsule ,  a t  l e a s t  one w i l l  be  
r e l eased  onto t h e  Martian s u r f a c e ,  and b i a s  f u t u r e  s c i e n t i f i c  
expivrativn or^  t n e  pianet .  
I V .  The Model 
The requirement t h a t  a Martian Explorat ion Program be success fu l ly  
completed with probabi l i ty  P can be expressed by t h e  equation ( w h e r e ,  
i n i t i a l l y ,  f o r  t h e  sake of s impl i c i ty ,  t h e  success  of  each mission i s  
taken  f o r  g ran ted ) :  
P = Probab i l i t y  of  successfu l ly  completing t h e  Martian Explorat ion 
Program with t h e  r i s k  of contaminating Mars of  (1-P) ,  
(l-PL) = Frobab i l i t y  t h a t  a lander  capsule  does not contaminate Mars, 
= Minimum number of l ande r  missions needed t o  success fu l ly  complete *L 
t h e  Lander phase of  experimentation, 
(1-P ) = Probab i l i t y  t h a t  a f lyby  capsule does not contaminate Mars, F 
= Minimum number of f lyby missions needed t o  success fu l ly  complete NF 
t h e  Flyby phase of experimentation, 
(l-Po) = ? robab i l i t y  t h a t  an o r b i t e r  capsule  does not contaminate !Jars, 
No = Minimum number of o r b i t e r  missions needed t o  success fu l ly  
complete t h e  O r h i t e r  phase of experimentation, and 
( l -Pv)  = Probab i l i t y  t h a t  a bus vehic le  from a lander  mission does not 
contaminate Mars. 
Taking t h e  na tu ra l  logari thm of both s ides ,equat ion  (1) becomes 
Fquation ( 2 )  can be  f u r t h e r  broken i n t o  i t s  component p a r t s  as fol lows:  
10 
K L Ed-’ = N L m ( l - P L ) ,  
KO LnP = No m( l-Po), and 
KV RnP = NL an( l-Pv) , where 
0 5 K1,, hv, KF, KO 5 1, and K T, + K + KO + KV = 1 
Equations ( 3 )  can then  he expressed as: 
P KL = (l-PL) NL , 
P KF = ( l -PF)  NF , 
P KO = b P F )  NO , 
P KV = ( l -Pv)  NL . 
Equations ( 5 )  are an attempt t o  apport ion t h e  requirements f o r  a t o t a l l y  
success fu l  program t o  t h e  component p a r t s  of  t h e  program. That i s ,  f o r  
example, i f  t h e  Lander phase comprises 48% of t h e  t h r e a t  of contaminating 
Mars, t h e  Flyby phase comprises 24% of t h e  t h r e a t ,  t h e  Orb i t e r  phase 
comprises 16:: of t h e  t h r e a t  and the  Bus Vehicles comprise 12% of t h e  t h r e a t ,  
t hen  because of  t h e  l i n e a r i t y  of  equation ( 2 )  one can c a l c u l a t e  t h e  K ’ s  
i n  a s t r a igh t fo rward  way. I n  t h i s  case ,  K = .l, K = .2,  K = .3, and 
KV = . 4 .  
K must be t r e a t e d  as parameters.  
I, F 0 
L’ 5 7  ICo, Since a c t u a l  percentaqes are not known, t h e  values  of K 
V 
NF, N a r e  each t h e  A s  noted i n  t h e  ve rba l  desc r ip t ion  of ( l) ,  NL,  0 
minimum number of missions required t o  complete a p a r t i c u l a r  phase of 
experimentat ion.  O f  course,  N NF, and N are a l s o  parameters dependent L’ 0 
on t h e  not ions of  a successfu l  Martian Explorat ion Program which is  
11 
dependent on t h e  notion of a successful  mission. 
a success fu l  Martian Explorat ion Program i s  considered ( f o r  t h e  sake of  
If only t h e  Lander phase of 
avoiding redundancy) one would f ind t h a t  N L 
needed t o  satis@ t h e  following inequal i ty :  
i s  t h e  m i n i m u m  number of missions 
EL = t o t a l  number of experiments intended t o  be performed i n  t h e  Lander 
phase, 
= t h e  minimum number of  successfu l  l ande r  missions needed t o  perform NL 
E experiments,  L 
z = t h e  percentage of experiments on board t h e  ith lande r  t h a t  must L , i  
work i n  o rde r  t o  have t h e  mission considered success fu l ,  
= t h e  number of experiments on board t h e  ith lander  mission, and 'L,i 
assumes only i n t e g e r  values. 'L,i*'L,i 
. I n  t h e  a c t u a l  c a l c u l a t i o n s ,  L' 'L,i '  'L,i Thus, t h e  number N depends on E 
N w a s  t r e a t e d  simply as a parameter of t h e  model and i t s  r e l a t i o n s h i p  
L 
L 
t o  E 7, and was neglected.  L' L , i '  
The dec is ion  t o  s impl i fy  N i n  t h i s  manner w a s  made f o r  p r a c t i c a l  L 
reasons.  
which t r i l l  be influenced Zj- t i m e  aiid technique. 
A t  t h i s  s t a g e  EL, ZL,i, and XL,i are themselves s t i l l  parameters 
I f ,  nowever, one treats 
t h e  number of  l ande r  missions as a parameter, one can neglec t  t h e  undeter- 
and X and s t i l l  ob ta in  valuable  information. 
and no concern has been given t o  i t s  
L' 'L, i '  L , i '  mined values  o f  E 
Thus, values  have been chosen f o r  N 
p r e c i s e  r e l a t i o n  t o  EL, XL,i, and ZL,i o t h e r  than  t h a t  it does s a t i s f y  
i n e q u a l i t y  ( 6 ) .  (The same approach holds f o r  N and N ) 
L' 
F' 0' 
1 2  
NF, and N o ,  and a c e r t a i n  L’ Even though numbers are chosen f o r  M 
independence of on board experiments has been achieved, no account,  up t o  
t h i s  po in t ,  has been taken of t h e  p o s s i b i l i t y  of a mission f a i l i n g .  Since 
t h e  success of a Martian Exploration Program h a s  been determined i n  terms of 
success fu l  missions,  M 
M e x t r a  o r b i t e r  missions may have t o  be flown t o  success fu l ly  complete at  
l e a s t  EL, EF, and E 
(Sec t ion  111) are two f a c t o r s  which l i m i t  t h e  choice of values  of  ML, MF, Mo. 
C lear ly  a lso,  t h e  choice of  N 
l ande r ,  f lyby  and o r b i t e r  missions inf luence  t h e  choice of t h e  number of 
a d d i t i o n a l  f l i g h t s  t o  allow f o r  f a i l u r e s .  
modified t o  t ake  i n t o  account t hese  e x t r a  parameters.  
e x t r a  lander  missions,  MF e x t r a  f lyby missions,  and L 
0 
experiments,  r e spec t ive ly .  Time and cos t  ob jec t ives  0 
NF, N and t h e  p r o b a b i l i t i e s  of  success  of L’ 0 
Thus, equat ion (1) must be 
One way of improving equation (1) t o  handle t h e  p r o b a b i l i t y  of a 
mission f a i l u r e  (such as, non-soft impact t h a t  des t roys  on board equipment; 
on board experiment malfunct ion;  te lemetry malfunction; e t c . )  i s  t o  th ink  
i n  terms of a t runca ted  negat ive  binomial d i s t r i b u t i o n  [1,21. 
Consider t h e  following s i t u a t i o n  f o r  t h e  Lander phase of  t h e  Martian 
Explorat ion Program: 
1. (W -1) lander  missions have been success fu l ly  completed without L 
contaminating Mars. 
2. J l ande r  missions have f a i l e d  without contaminating Mars. 
3. 
L 
The (N +J )th l ande r  mission w i l l  be success fu l ,  and not  contaminate 
Mars. 
L L  
Let 
= t h e  number of  ways J fai lures  can occur i n  N -l+JL Lander L L 
missions,  
P = t h e  p r o b a b i l i t y  of  a successfu l  lander  mission,  L ,S 
13 
(l-PL,s) = the probability of an unsuccessful lander mission, 
( I -PL) = the probability that a lander mission does not contaminate 
Mars, 
= total number of successful lander missions, and 
= total number of unsuccessful lander missions, 
of equation ( 5  L) becomes the probability that we successfully 
L N 
% 
KL then P 
complete N 
Mars. Thus, equation ( 5  L) becomes: 
lander missions in N +M lander missions without contaminating 
L L L  
JL 
JI,=O 
( 7  L) 
Again, for emphasis, P KL is a joint probability of mission success 
and no contamination,using a finite number, (N +M ),of missions. 
onLy reasonable since, if one's concern is only about contamination and 
not, about a successful program, the hest means of avoiding contamination 
is to fly no rrissions, while flying an infinite number of missions 
to guarantee a successful scientific program is clearly unrealistic. 
This is L L  -
If one defines 
= the probability of a succezsful flyby mission, and rF,S 
P = the probabllity of a successful orbiter mission, 
0 ,s 
then equations ( 5  F), ( 5  0 1 ,  and ( 5  V) become 
14 
l -  
and 
p Kv = ( l -Pv)  N ~ + ' ~  
( 7  v )  
Mult iplying equat ions ( 7  L ) ,  ( 7  F ) ,  ( 7  0 )  and ( 7  V), gives one t h e  requi red  
gene ra l i za t ion  of equat ion (11, and t h e  expression f o r  success fu l ly  completing 
a Martian Explorat ion Program with l ande r ,  f lyby ,  and o r b i t e r  missions 
without contaminating t h e  p lane t  Mars, t h a t  is:  
M 
L 
JL= 0
(8 )  
JF 
J F = O  F,S) 
N +M L L  (1-Pv) 
Returning now t o  equat ion ( 7  F ) ,  note  t h a t  P,  KL, PL, NL, M L ,  and 
are a l l  parameters of  t h e  problem and t h a t  each must he t h e  objec t  of P 
c a r e f u l  study. I n  t h i s  r e p o r t ,  s e v e r a l  r ep resen ta t ive  values of t h e  var ious  
L 3s 
pn-r%~et,-rs ~ G - E  Seer; ~h06t.11 ami -the assoc ia t ed  values of P ca l cu la t ed .  
( A  similar a n a l y s i s  y i e l d s  values  fo r  PF, and Po, while  values  f o r  P 
be  found i n  a s t ra ight forward  manner.) 
L 
can V 
I n  p a r t i c u l a r ,  a t t e n t i o n  w i l l  now be turned  t o  P t h e  p r o b a b i l i t y  L' 
t h a t  a given lander  capsule  contaminates Mars. P i s  a funct ion o f :  L 
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. 
k > 0,  t h e  number of v i a b l e  non-Martian microorganisms present  on 
t h e  lander  capsule ,  
P ( k ) ,  t h e  p r o b a b i l i t y  t h a t  t he re  are exac t ly  k v i a b l e  non-Martian 
microorganisms present  on t h e  lander  capsule  as it impacts Mars, 
The pos i t i on  of  t h e s e  microorganisms ( e x t e r i o r  o r  i n t e r i o r ) ,  
P ( T Ik), t h e  p r o b a b i l i t y  t h a t  exac t ly  T v i a b l e  non-Martian micro- 
organisms, given exac t ly  k on board,  are released upon t h e  Martian 
su r face ,  and 
P ( T ) ,  t h e  p r o b a b i l i t y  t h a t ,  given t h e  release of T v i a b l e  non- 
Martian microorganisms on t h e  Martian s u r f a c e ,  fu tu re  s c i e n t i f i c  explora- 
t i o n  of t h e  p l ane t  is  hiased. 
- 
R 
R 
Thus, P can be expressed by the following equat ion.  L 
The p r o b a b i l i t y  t h a t  t h e r e  a r e  exac t ly  k v i a b l e  non-Martian microorganisms 
p resen t  on t h e  l ande r  capsule  as it impacts M a r s ,  P ( k ) ,  depends upon: 
(1) 
( 2 )  
t h e  f i n a l  s t e r i l i z a t i o n  cyc le ,  and 
t h e  p r o b a b i l i t y  o f  picking up v i a b l e  non-Martian microorganisms a f te r  
s t e r i l i z a t i o n  and p r i o r  t o  impact on Mars (e .g . ,  from t h e  "d i r ty"  
e x t e r i o r  of  t h e  b i o l o g i c a l  s h i e l d  when it i s  separa ted  from t h e  lander  
capzlulej. -L - \  
I n  a l l  work so  far  t h i s  la t ter  p robab i l i t y  of in t roducing  viable contamination 
t o  t h e  lander  capsule  has been neglected.  I t  has not been s p e c i f i c a l l y  
in t roduced  i n t o  t h i s  model, not because of i t s  unimportance, bu t  r a t h e r  
because of t h e  a d d i t i o n a l  study needed t o  handle it. Thus, i n  t h e  model 
16 
presented he re ,  P(k) a b s t r a c t l y  represents  both (1) and ( 2 ) .  I n  previous 
models P ( k )  is  only t h e  p robab i l i t y  t h a t  exac t ly  k microorganisms survive 
a dry hea t  s t e r i l i z a t i o n  cyc le ,  and depends on: 
1. t h e  type  of  microorganism, a, 
2. t h e  i n i t i a l  population present ,  n 
0’ 
3. t h e  length  of exposure time, t ,  and 
4. t h e  s t e r i l i z a t i o n  temperature T. 
The p r o b a b i l i t y  t h a t  a microorganism of type  a surv ives  a dry hea t  s t e r i l i z a -  
t i o n  cyc le  of time dura t ion  t ,  at t h e  given temperature T s h a l l  be denoted by 
p ( a , t , T ) .  
leads t o  t h e  usua l  binomial d i s t r i b u t i o n  f o r  P(k), t h e  p r o b a b i l i t y  t h a t  
exac t ly  k microorganisms out  of an i n i t i a l  populat ion of n 
organisms surv ive  a dry hea t  s t e r i l i z a t i o n  cyc le  of t i m e  l ength  t at  tempera- 
t u r e  T,  given by: 
Assuming t h a t  microorganisms d i e  independently of one another  
type  a micro- 
0 
I n  t h i s  s tudy no assumption w i l l  be made as t o  what model b e s t  r ep resen t s  
p(a,t,T). 
p ( a , t , T ) ,  t h e  reader  i s  r e f e r r e d  t o  [31. 
For a d iscuss ion  of some of t h e  models t h a t  could represent  
The condi t iona l  p r o b a b i l i t y ,  P (T Ik),  t h a t  exac t ly  T v i a b l e  non-Martian 
microorganisms are released on t h e  Martian su r face ,  given exac t ly  k on hoard 
t h e  l ande r  capsule ,  i s  a func t ion  of t h e  loca t ion  of t h e  microorganisms 
( t h a t ,  i s ,  i n t e r i o r  o r  e x t e r i o r )  on t h e  lander  capsule .  Fur ther ,  de f ine  
R 
PE(kl Ik) t o  be  t h e  p robab i l i t y  of kl v i a b l e  non-Martian microorganisms 
on t h e  e x t e r i o r  of  t h e  l ande r  capsule ,  given a t o t a l  of k on 
t h e  lander ,  
17 
t o  be t h e  p robab i l i t y  of k 
i n  t h e  i n t e r i o r  of the lander  capsule ,  given a t o t a l  of k on 
t h e  lander ,  
v i a b l e  non-Martian microorganisms 
PI(k2(k) 2 
PA(EIT Ik ) t o  be t h e  p robab i l i t y  Of r e l e a s e  of T1 v i a b l e  non-Martian 
1 1  
microorganisms from the e x t e r i o r  given t h a t  t h e r e  are k 
e x t e r i o r  of t h e  lander  capsule ,  
on t h e  1 
-- 
PR( I I T ~ \ ~ ~ )  t o  be  t h e  p robab i l i t y  of r e l e a s e  of T 
microorganisms from the  i n t e r i o r  given t h a t  t h e r e  are k 
i n t e r i o r  of t h e  lander  capsule ,  
v i ab le  non-Martian 2 
on t h e  2 
P R ( E I ~ l l k )  t o  be t h e  p robab i l i t y  of r e l e a s e  of  T v iab le  non-Martian 
microorganisms from the  e x t e r i o r  of t h e  lander  capsule given 
1 
t h a t  t h e r e  are a t o t a l  of k on t h e  l ande r ,  
PR(I ! T ~  Ik) t o  be  t h e  p r o b a b i l i t y  of release of T 
microorganisms from t h e  i n t e r i o r  of t h e  l ande r  capsule  given 
t h a t  t h e r e  are a t o t a l  of k on t h e  l ande r ,  and 
v i a b l e  non-Martian 2 
2 P ( T ~ , T ~ ~ ~ )  t o  be  t h e  p r o b a b i l i t y  fJf  release of T 
i n t e r i o r  v i ab le  non-Martian microorganisms given t h a t  t h e r e  
a r e  a t o t a l  of k on the  l a n d e r .  
e x t e r i o r  and T 1 
Then 
PR(~ lk) can be represented by t h e  following equation: 
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where, i n  t u r n ,  
- ., 
L i t t l e  i s  k,nown of t h e  values  of P R ( E I ~  Ik 
however, t h a t  a paper of t h e  authors [ G I ,  w i l l  l e ad  t o  ways of handling 
t h e s e  parameters and P ( k  l k )  , and P (k I k )  . 
and PR(Ilrp(k2). It i s  hoped, 1 1  
E 1  I 2  
Equation ( 9 )  w i l l  now be examined i n  more d e t a i l .  Consider 
and, s e t  
S ince  t h e r e  i s  not enough ava i l ab le  d a t a  t o  exac t ly  determine P ( k ) ,  ( t h e  
p r o b a b i l i t y  t h a t  Mars i s  contaminated given t h a t  t h e r e  are exac t ly  k micro- 
organisms on board a lander  capsule) ,  it seemed appropr ia te  t o  treat  it as 
a parameter of  t h e  model. I n  p a r t i c u l a r ,  P (k) i s  set  equal  t o  P 
T h i s ,  o f  course,  i s  an assumption, bu t  one t h a t  does not d i s t o r t  r e a l i t y  too  
much, because P ( k )  i s  a non-negative and bounded by 1 f o r  a l l  k. 
D 
f o r  a l l  k. D D 
Thus, D 
1 9  
choosing PD(k) = 1 f o r  a l l  k e r r s  on t h e  conserva t ive  s i d e ,  and s t a t e s  
t h a t ,  i f  a v i ab le  non-Martian microorganism g e t s  t o  Mars, it w i l l  contaminate 
t h e  p l ane t ,  while  s e t t i n g  P (k) = 0 f o r  a l l  k s t a t e s  t h a t  no v i a b l e  non- 
Martian microorganisms introduced t o  t h e  Martian environment can poss ib ly  
contaminate t h e  p l ane t .  ?he t r u e  s i t u a t i o n  i s  most l i k e l y  somewhere i n  t h e  
D 
middle, and t h u s ,  P ( k )  has been s e t  equal  t o  P f o r  a l l  k. D D’ 
Thus, with t h i s  assumption, equation (12)  becomes: 
and by summing equat ion (12b) ,  w e  f i n d  
PL = PD P, (13 L) 
Simi lar  argumen s can be made f o r  P and P and an equation similar F’ 0 
t o  equat ion  (12 )  can be developed. Skipping t h e  d e t a i l s  as r e p e t i t i o u s ,  
= is  t h e  p r o b a b i l i t y  t h a t  a f lyby ( o r b i t e r )  capsule impacts t h e  
p l a n e t ,  and 
1 
P ( k )  = P ( k )  of equat ion ( 1 0 )  with p ( a , t , T )  based on (perhaps)  d i f f e r e n t  
values  of  t ,  and/or T. 
20 
For t h e  lander  phase,  t h e  parameters N L, %, KL and P are given L 3s 
,- 
A A 
along with t h e  i n e q u a l i t y  P 2 P. Here P r ep resen t s  t h e  least  acceptab le  
value f o r  P, and has been given the  va lue  P = 0.999 i n  a l l  c a l c u l a t i o n s .  
.. 
The p r o b a b i l i t y  0.999 i s  t h e  non-contamination c r i t e r i o n  agreed t o  by t h e  
Committee on Space Research of t h e  I n t e r n a t i o n a l  Congress of  S c i e n t i f i c  Unions 
(v .  [ a ] ,  p.55).  As such, it has been used by t h e  au thors  of re ferences  [l], 
[ 4 ] ,  [ s i ,  and o the r s ,  as t h e  primary ob jec t ive  of  t h e  p l ane ta ry  quarant ine 
program. It i s  used i n  t h i s  document i n  a somewhat d i f f e r e n t  sense ,  b u t  because 
of t h e  r e l a t i o n s h i p  between t h e  model developed he re  and previous models 
(d iscussed  i n  Sec t ion  V ) ,  it w a s  f e l t  t h a t  t h e  same number should be used f o r  
purposes of comparison. 
' -  Theore t i ca l ly ,  t hen ,  t h e  ob jec t  i s  t o  so lve  t h e  inequa l i ty  
P JL 
JL=O 
f o r  P i . e . ,  t o  obta in  a number P such t h a t  f o r  a l l  PL P t h e  inequal i ty  
L' L L'  
above ob ta ins .  
I f ,  i n  f a c t ,  one so lves  
,. 
+ h e  - * l ~ * + i n m  'The -hien+ +hen i c tc scl~re  th-s Y11L u v s u u r v l A ,  if It cxistc, ,  %-ill be DL. 
(*L L L- L L  
* A I L  " " J L C " ,  Y ' A L - " ,  &U 
+M )th degree polynomial i n  PL f o r  Because N +M i s  r e l a t i v e l y  
large, t h i s  s o l u t i o n  must be obtained numerically,  and some a t t e n t i o n  must 
be p a i d  t o  t h e  accuracy of  t h e  so lu t ion .  
Thus i n  t h e  a c t u a l  ca l cu la t ions ,  an upper bound, PL(U.B. ) and a lower 
T h a t  bound, P ( L . B . ) ,  f o r  t h e  maximum acceptable  value of PL are found. 
i s ,  t h e  i n e q u a l i t i e s  
L 
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L JL L NL+JL N -l+JL N 
M 
KL 
p - E JL'@ 1 (l-PL(U.B.)) ( jL ) ( p L , s )  (l-PL,s) (14a) 
(1bc ) NL JL 
ML N +J N L - l + J L  
= 1 ( JL ) ('L,S) (l-'~,s) J L = O  
NL JL 
ML N +J N l+JL 
- < JL= 1 0 (~-P~(L.B.)) ( ";, ) (pL,s) (l-PL,s) (14d) 
KL - < P  + E  
11 
a r e  solved numerically f o r  P (U.B. )  and P (L.B.) when P = P. This 
L L 
y i e l d s  
P(U.B.) pL( L.B. ) 
D - D 
Calcula t ions  have proven t h a t  t h i s  gives  a very good bound on t h e  maximum 
acceptab le  value of p f o r  small E .  
22 
Simi lar  arguments can be  used t o  bound t h e  maximum acceptab le  values  
of P and P and, i n  p a r t i c u l a r ,  
F 0’ 
PF(L.B.) 5 PF PF(U.R.), and 
P~(L.R.) 5 p0 5 P ( I J . B . )  
0 
On t h e  o t h e r  hand, tLle maximum acceptable  va lue  of P,,, i s  given hy: 
n 
D = N + M  a n d P = P .  L L’ ( 2 0 )  
V. Analysis of t h e  Model 
The mathematical model developed i n  Sec t ion  I V  h a s  introduced new 
no ta t ion  f o r  concepts t h a t  are used i n  recent  a r t i c l e s  of Sagan-Coleman [l], 
Schalkowsky [ h ] ,  and Cornel l  [51. 
t o  emphasize t h e  need t o  formulate a model t h a t  conforms t o  t h e  r e a l i t y  of 
t h e  Martian Explorat ion Program, and t o  accu ra t e ly  def ine  t h e s e  fundamental 
concepts.  I n  t hese  recent  a r t i c l e s  Schalkowsky [ 4 ]  and Cornel l  [ 5 ]  with 
minor changes i n  no ta t ion  and emphasis have based t h e i r  work on t h e  follow- 
ing approximation (10) of  Sagan-Coleman [1] :  
This  change of no ta t ion  has been introduced 
u PmN 
P P x + nPi. e +  
En p-1 = - (21 )  
Before t r e a t i n g  t h e  major conceptual d i f f i c u l t y  t h a t  d i s t o r t s  each model 
from t h e  r e a l i t y  it in t ends ,  a t t e n t i o n  w i l l  be  focussed on showing why new 
no ta t ion  w a s  des i r ed  t o  accu ra t e ly  def ine  t h e  concepts involved i n  approxima- 
t i o n  ( 2 1 ) .  
I n  Sect ion I V ,  t h e  concept of a lander  capsule  contaminating Mars i s  
introduced as a p r o b a b i l i t y ,  PL. As  a concept,  it corresponds t o  t h e  same 
p r o b a b i l i t y ,  P , of Sagan-Coleman and Cornel l .  The n o t a t i o n a l  change - 
i s  made pr imar i ly  t o  
exp lo ra t ion  program. 
nore thoroughly than  
emphasize t h a t  P relates t o  t h e  lander  phase of t h e  L 
Fur the r ,  Equation (12 )  of Sect ion I V  analyzes  P, 
LI 
has been done previously.  
There appears t o  be  much confusion about t h e  d e f i n i t i o n  of u appearing 
i n  approximation ( 2 1 ) .  
" the  m e a n  number of  organisms deposited" on t h e  p l ane t  and " the  p robab i l i t y  
t h a t  a s i n g l e  v i a b l e  microorganism be deposited" on t h e  p l a n e t ' s  sur face .  
I n  t h e  Sagan-Coleman paper [l] it i s  c a l l e d  both 
24 
Cornel1 [ 5 ]  c a l l s  u " the  mean number of organisms pe r  capsule" but  goes 
on t o  s a y  t h a t  u m a y  be defined t o  be " the  p r o b a b i l i t y  t h a t  a spacec ra f t  
landing on Mars w i l l  be  contaminated'' by using t h e  r e l a t i o n  P 
However, PL = u P 
as such a p r o b a b i l i t y  s i n c e  P 
t h a t  a given microorganism landed on t h e  su r face  of Mars w i l l  be able t o  
mul t ip ly  and contaminate a s i zeab le  f r a c t i o n  of t h e  planet ,"  is a s ingu la r  
concept. 
= u Pm. - 
is an inco r rec t  mathematical r e l a t i o n  when u i s  t r e a t e d  m 
i s  a p l u r a l  concept while  P L m' t h e  "p robab i l i t y  
If u i s  treated as "the expected number of  organisms on t h e  spacec ra f t  
upon impact with t h e  p l ane t  i n  quest ion,"  then  t h e  approximation r e l a t i n g  
P , u and P can be der ived co r rec t ly  as follows. Referr ing t o  (12)  and m 
(12a), t h e  de r iva t ion  i s  
- 
where 
OD 
PL = P - = 1 PD(k) P(k) 
k = l  
OD 
u = 1 kP(k) 
k=l 
(22b) 
and, ignoring t h e  s u b t l e t y  of r e l e a s e  p r o b a b i l i t i e s  as given i n  Sec t ion  I V ,  
( 22c ) PD(k) = l-( l-Pm) k . 
Hence, 
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m m 
pT, = 1 P(k) - 1 ( l -Pm)k P ( k )  
k= 1 k=l 
OD m 
5 1 P(k) - 1 [1-kP,] P ( k ) ,  when Pm i s  small, (22e)  
k= 1 k= 1 
m 
= P 1 kP(k)  
k = l  
m 
I f  no se r ious  account i s  taken of  r e l e a s e  p r o b a b i l i t i e s  t hen ,  P 3 UP L m 
when P i s  s m a l l .  Here, u i s  q u i t e  c l e a r l y  an expected number. When r e l e a s e  
p r o b a b i l i t i e s  are considered, t h e  de r iva t ion  given by equat ion (12 )  of  
Sec t ion  I V  i s  a co r rec t  one. 
m 
Schalkowsky [4], too,  confuses mean number with p r o b a b i l i t y  i n  h i s  
summary of t h e  Sagan-Coleman Analysis. He f i r s t  de f ines  u (v .  equation 71) t o  
be t h e  "p robab i l i t y  of  one v i ab le  microorganism on t h e  sur face  of Mars due t o  
a s i n g l e  lander ."  He then  def ines  [ b ;  equation (211: 
PR, where (233)  N u = P  
PN - p r o b a b i l i t y  of one v i a b l e  microorganism aboard t h e  l ande r ,  and 
PR - mean p r o b a b i l i t y ,  t h a t  one microorganism, if presen t ,  w i l l  be  
r e l eased  from t h e  lander  and deposi ted on t h e  Martian sur face .  
pN , I n  t h i s  w a y ,  Schalkowsky- has introduced a s t e r i l i z a t i o n  c r i t e r i o n ,  
as a "probabi l i ty  of one viable microorganism aboard t h e  lander ."  
equat ion  (61, however, he sets 
I n  h i s  
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and de f ines ,  
- as t h e  i n i t i a l  populat ion of microorganisms on t h e  lander  ( p r i o r  t o  
NO 
t h e  app l i ca t ion  of  dry-hea t ) ,  
t - as t h e  length  of  t i m e  dry heat i s  app l i ed  a t  a p a r t i c u l a r  f i xed  
temperature ,  and 
D - as t h e  time it t akes  t o  reduce a s ingle-spec ies  populat ion by a 
f a c t o r  of 10 a t  a f ixed  temperature.  
Although t h e  PN of  equat ion (23)  is called a "proFabi l i ty" ,  it i s  an 
exnected number. Thus, CJ and P a re  expected numvws of microorganisms, 
?nd not  " the  p r o b a b i l i t y  of  a s i n g l e  v i a b l e  microorganism aboard 2 l ande r .  'I 
I n  a. l a t e r  paper r7], Schalkowsky recoEnized t h i s  d i f f i c u l t y  m d  showed t h a t ,  
numerical ly ,  P 
v i a b l e  microorganism aboard a lander"  when P 
N 
i s  a good approximation t o  t h e  "probabi l i ty  of a s i n g l e  w 
<< 1. N 
Thus, i n  t h i s  paper 
e f f e c t i v e l y  rep laces  
P S U P  - m' 
?or -the I^oiiuwing reasuns ; 
1) p ,as a p r o b a b i l i t y  gives  more information than  u ,  an expected 
number, 
2 )  t h e  de r iva t ion  of P (v . (12 ) )  i s  a more r e a l i s t i c  approach t o  t h e  D 
problem of t h e  release of i n t e r i o r  and e x t e r i o r  contamination, and 
t h e  confusion surrounding t h e  d e f i n i t i o n  of u i s  e l imina ted .  3 )  
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t h a t  a lander  mission i s  success fu l ,  should not  
pL , s ’  The p r o b a b i l i t y ,  
be confused with P+ ( [ l ] ,  [41, [ 5 ] ) .  
Sagan-Coleman model [l], when t h e  expressions were der ived f o r  one experi-  
I n  t h e  i n i t i a l  development of  t h e  
ment p e r  mission,  P+ w a s  taken t o  be  “ the  mean p r o b a b i l i t y  t h a t  a landing 
capsule  deposi ted somewhere on Mars w i l l  success fu l ly  perform i t s  b io log ica l  
experiment.” 
P+ became “ the  p r o b a b i l i t y  o f  a successfu l  landing ,”  and no longer  implied 
any experimental  success.  Referr ing t o  Sect ion 111, a success fu l  mission, 
as def ined i n  t h i s  paper ,  involves t h e  success of some percentage,  Z ,  of  
Later, when more than one experiment p e r  mission w a s  allowed, 
of a success fu l  mission must a l so .  pL,6‘ experiments,whence t h e  p robab i l i t y ,  
This  percentage may vary from mission t o  mission, allowing some f l e x i b i l i t y  
i n  t h e  not ion  of  mission success .  Also,  t h i s  emphasis on a success fu l  mission 
in t roduces  t h e  necess i ty  of formulating t h e  f lyby and o r b i t e r  phases of  t h e  
Martian Explorat ion Program sepa ra t e ly  as i n  equat ions ( 7  F )  a d  ( 7  0 )  
r a t h e r  than  as t h e  last sum of approximation (21) .  
formulation i s  t h a t  it provides  a means of r e l a t i n g  program success  t o  
experimental  success  r igorous ly  by first r e l a t i n g  each t o  mission success.  
The advantage of  t h i s  
F i n a l l y ,  t h e  major conceptual d i f f i c u l t y  i n  t h e  Sagan-Coleman paper [ l ]  
(and c a r r i e d  over  by Schalkowsky [4] and Cornel1 [ 5 ] )  is  t o  consider  j(J = j 
i n  t h e  no ta t ion  of  s e c t i o n  I V ) ,  t h e  number of  missions t h a t  f a i l ,  t o  run 
from o t o  - [v .  equat ion (1):1]: 
L 
o r  i n  t h e  no ta t ion  o f  equation (7L): 
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S w i n g  J from 0 t o  03 al lows one t o  so lve  f o r  P i n  c losed  form, L 
bu t  i s  a d i s t o r t i o n  from t h e  r e a l i t y  of  t h e  Martian ExFloration Program, 
s i n c e  equat ions (26)  and (27 )  demand t h a t  w e  cont inue t o  send unmanned lander  
capsules  t o  Mars u n t i l  w e  have N 
regard f o r  t h e  l i m i t a t i o n s  of time o r  f inances ) .  
success fu l  missions (apparent ly  without L 
To send an unl imited number 
of  missions t o  Mars i s  an u n r e a l i s t i c  concept,  and not  t h e  i n t e n t i o n  of  t h e  
space program. Rather ,  t h e  Martian Explorat ion Program i s  formulated i n  
terms of t h e  following f i n i t e  aims and c o n s t r a i n t s :  
1. t o  success fu l ly  complete N ( N  = N +N +N missions,  
2. t o  keep t h e  r i s k  of contamination of M a r s  s m a l l ,  and 
L F O  
3. t o  accomplish (1) and ( 2 )  by at tempting no more than N' 
( N '  = NL+ML+NF+MF+NO+MO) space missions.  
When NL, ML,  P, KL, and P ( i n  the  case of t h e  lander  phase of t h e  Program) 
L,S 
are s p e c i f i e d ,  one at tempts  t o  solve equation ( 7  L )  f o r  P Since M i s  a 
f i x e d  f i n i t e  number, two very i n t e r e s t i n g  d i f f i c u l t i e s  come t o  l i E h t .  The f irst  
L' L 
d i f f i c u l t y  i s  t h a t  f o r  c e r t a i n  values of t h e  parameters ( f o r  example, 
NL = 40, ML = 10,  P = 0.999, KL = 0.5, PL 
0 and 1) value of  P can be found t h a t  satisfies equations ( 7  L )  . 
t h i s  i s  not t h e  case  i f  t h e  closed form of Sagan-Coleman equation (27)  
= 0.85) no acceptable  (between 
9 
Note, 
L 
i s  used,  s ince ,  so lv ing  equation (27)  y i e l d s  
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i n  which both numerator and denominator are nonnegative and t h e  denominator 
0.90 
0.89832 
0.8983185 
i s  always g r e a t e r  t han  o r  equal  t o  t h e  numerator. That i s ,  r ega rd le s s  of t h e  
2.17 x 
6.39 10-9 
7.49 x 
L,s,  0 5 PI,,s 21, P L i s  a number between zero and one. numerical va lue  of  P 
The second d i f f i c d t y  i s  t h e  s e n s i t i v i t y  of P i n  equat ions ( 1 4 ) .  For 
example, i f  NL, 
and KL = 1 1 ,  then  P 
L 9s 
P, K are f ixed ,  ( s a y ,  NL = 80,ML = 20, P = 0.999, *L’ L 
can be made as small as w e  want by varying P as can 
L L 9s 
be seen i n  t h e  following t a b l e  o f  values.  
TABLE 1 
I n  t h i s  example, the  dependence of P on P 
s e n s i t i v e  around P 
downward y i e l d s  a great change i n  P i n  t h e  same d i r e c t i o n .  Since P = pPD, 
t h i s  causes an equal ly  g r e a t  change i n  p, n e c e s s i t a t i n g  extreme s t e r i l i z a t i o n  
can be seen t o  be extremely 
A t  t h i s  po in t ,  a s l i g h t  change i n  P 
L L,S 
= 0.90. 
L,S r,,s 
L L 
effor ts  which would l i k e l y  be unacceptable t o  t h e  engineer ing community. 
Again, it must be noted,  t h a t  t h e  s e n s i t i v i t y  o f  P 
if one uses  t h e  c losed  form of equation (27 ) .  
can not be de tec t ed  
L,S 
Figure 1 is  a v i s u a l  d i sp l ay  of TABLE 1, and v iv id ly  i l l u s t r a t e s  t h e  
two d i f f i c u l t i e s  inherent  i n  t h e  necess i ty  of choosing M f i n i t e .  That L’ 
30 
I 
KL-l .O 
P-0.999 
NL= 80 
Mi20 
- 
F I G U R E  1 
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i s ,  given any values  of t h e  parameters ( i n  t h i s  example, P = .999, KL = l..o, 
NL = 80, and M L  = 20) t h e r e  e x i s t  values  of P 
acceptable  value f o r  P 
and t h e r e  ex is t s  a c r i t i c a l  po in t  f o r  P such t h a t  f o r  va lues  of P 
j u s t  s l i g h t l y  less than  i t ,  PL, goes t o  zero very r a p i d l y  ( i n  t h i s  example 
it i s  f o r  P 
t o  have a s t e r i l i z a t i o n  c r i t e r i o n  of P < o r  even worse. 
such t h a t  t h e r e  is no 
L ,S 
( i n  t h i s  example, it i s  f o r  values  of P e . 8 9 ) ,  
L L,S 
L 9s L,S 
approximately equal t o  0.90).  Hence, it i s  e n t i r e l y  poss ib l e  
L,S 
L -  
I n  o rde r  t o  re-emphasize t h e  po in t ,  it must be noted t h a t  whatever values  
of  t h e  parameters ( K  P, NL, andM ) are given, t h e r e  i s  a curve similar L' L 
t o  t h a t  of Figure 1 assoc ia ted  with them. That i s ,  given any values  f o r  
KL, P ,  NL, and ML,  t h e r e  are  values  f o r  P f o r  which no acceptab le  so lu t ion  L,S 
f o r  P e x i s t s ,  and t h e r e  i s  a c r i t i c a l  va lue  f o r  P such t h a t  there i s  a 
L L 9s 
value  o f  P s l i g h t l y  l e s s  than  t h e  c r i t i c a l  value which gives  values  f o r  L,S 
PL as c lose  as one wants t o  zero! 
These d i f f i c u l t i e s  are rooted r i g h t  i n  t h e  mathematics of t h e  model and 
KL t h e  d e f i n i t i o n  of  P (a  j o i n t  p r o b a b i l i t y )  as t h e  p r o b a b i l i t y  o f :  
1) 
2)  
Consider 
success fu l ly  completing a t  least EL s c i e n t i f i c  experiments 
on Mars, and 
not contaminating Mars. 
t h e  fol lowing p a r t  of equation (26 ) :  
which r ep resen t s  t h e  
NL JL NL+JL-1  ( JL >('L,S) (l-'L,S) ' 
L p r o b a b i l i t y  of  success fu l ly  completing a t  least E v 
experiments by t h e  ( N L + J L ) t h  l ander  mission. Since,  PAL is  a j o i n t  
p r o b a b i l i t y ,  t h e  p r o b a b i l i t y  d i s t r i b u t i o n ,  Ps, f o r  success fu l ly  completing 
at least E 
a sum of terms from equat ion ( 2 8 ) )  
s c i e n t i f i c  experiments i n  NL+ML missions (which i s  made up of L 
32 
must be g r e a t e r  than or equal  t o  P KL . If it i s  less than P KL , t h e r e  i s  
KL no acceptable  value f o r  P 
s o l u t i o n ,  and i f  it i s  g r e a t e r  than P 
if it i s  equal t o  P , then  P = 0 i s  t h e  only 
L’ L 
KL t h e r e  are acceptable  so lu t ions ,  
and a c r i t i c a l  po in t .  
I n  summary, t h e  development of a model f o r  t h e  Martian Explorat ion 
Program which is  based on a f i n i t e  maximum number of missions has t h e  c e r t a i n  
advantage of  t r u l y  represent ing  t h e  r e a l i t y  of t h e  Martian Exploration 
Program, and l eads  d i r e c t l y  t o  t h e  discovery of t h e  s e n s i t i v i t y  of P 
i n  two important ways. F i r s t ,  t h e  model proves ( a c t u a l  ca l cu la t ions  
L , s 
w i l l  be discussed i n  Sect ion V I )  t h a t  if P 
no acceptable  s o l u t i o n  for P and secondly,  t h a t  if P i s  given p lus  o r  
minus an e r r o r  term, t h e  P t h a t  i s  used i n  t h e  ca l cu la t ions  must be 
P 
P may be near  a c r i t i c a l  value.  That i s ,  r e f e r r i n g  t o  TABLE 1, i f  P 
is  given as 0.90 f. 0.01, t h e  s t e r i l i z a t i o n  c r i t e r i o n  (on P ) is impossible 
t o  determine i n  t h a t  range. If, however, P is given as 0.90, + 0.01, 
- 0.00, then  P i s  given as P < 2.17 x 10 . 
is  t o o  small, t h e r e  may be 
L 9s 
L’ L,S 
L,S 
p lus  t h e  e r r o r  term (as can be seen i n  TABLE 1, and Figure 1) because L ,s 
L,S L,S 
L 
L,S 
-6 
L L -  
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V I .  A Numerical Example 
In t h i s  s ec t ion  t h e  var ious  parameter values  used i n  c a l c u l a t i n g  
values  f o r  P 
P and P 0 V 
der ived and stated f o r  one p a r t i c u l a r  set o f  parameter values .  
be t h e  t a s k  of  a companion paper t o  set  f o r t h  t h e  a c t u a l  computer programs, 
and t o  c o l l a t e  and present  t h e  data. 
L’ ’F’ 
a s soc ia t ed  wi th  a p a r t i c u l a r  Mart in  Explorat ion Program w i l l  be  
Po, and Pv w i l l  be set down, and t h e  values  of  P L’ ’F’ 
It w i l l  
and P f o r  a l l  L’ PF’ Po’ V Data has been generated t o  y i e l d  values  of P 
t h e  combinations o f  t h e  fol lowing parameters:  
P = 0.999 
K o r  K o r  K or K = 0.05 t o  1 .0  i n  s t e p s  of 0.05 
N o r  N o r  N 
L F 0 v 
L F = 1 0  t o  100 i n  s t e p s  of  10 0 
o r  P o r  P = 0.50 t o  0.95 i n  s t e p s  o f  0.05 
pL,s  F,S 0 9s 
ML and % and Mo were bounded by 100. 
Fur ther ,  values  f o r  P (v. equation ( 2 9 ) )  were ca l cu la t ed  f o r  a l l  t h e  S 
discrete combinations of  t h e  following parameters:  
N o r  N o r  No = 10 t o  120 i n  s t e p s  of 10, L F 
P o r  P o r  P = 0.50 t o  0.95 i n  s t e p s  of 0.05, and L 9s F,S 0,s 
M o r  M o r  Mo = 0 t o  100 i n  u n i t  s t e p s  L F 
As mentioned ear l ie r ,  t h i s  data w i l l  be presented  i n  a companion pub l i ca t ion .  
At ten t ion  w i l l  now be turned  toward t h e  fol lowing Martian Explorat ion 
Program: 
1) 
2)  
P is  set  as 0.999, 
A minimum of 70 lander  missions are needed t o  successfu l ly  
complete a t  least E s c i e n t i f i c  experiments on Mars, i . e . ,  NL = 70, L 
34 
i s  given as 0.85, 3, pL,s  
. 
4) t h e s e  70 lander  missions c o n s t i t u t e  48% o f  t h e  r i s k  of contamina- 
t i n g  t h e  p l a n e t ,  
5 )  a minimum of 30 f lyby missions are needed t o  success fu l ly  complete 
a t  least E F 
PF,s i s  given as 0.90, 
t h e s e  30 f lyby  missions c o n s t i t u t e  24% of t h e  r i s k  of contaminating 
t h e  p l ane t ,  
s c i e n t i f i c  experiments, i . e . ,  NF = 30, 
6 )  
7 )  
# 
8)  a minimum of 20 o r b i t e r  missions are needed t o  success fu l ly  
complete at  least Eo s c i e n t i f i c  experiments, i . e . ,  No = 20,  
9 )  Po i s  given as 0.80, 
9s 
1 0 )  t h e s e  20 o r b i t e r  missions c o n s t i t u t e  16% of t h e  r i s k  of  cmtamina- 
t i n g  t h e  p l ane t ,  
11) t h e r e  w i l l  be 70 bus vehic les  and t h e i r  deb r i s  t h a t  must avoid 
t h e  p l a n e t ,  
1 2 )  t h e s e  70 veh ic l e s  and t h e i r  deb r i s  c o n s t i t u t e  a r i s k  of 12% 
o f  t h e  r i s k  of contaminating t h e  p l ane t .  
With t h i s  da t a ,  t h e  values  o f  KL, KF, KO, and % can be ca l cu la t ed  i n  t h e  
usua l  way, while  t h e  acceptable  values o f  M M r e q u i r e  a pre- L’ MF’ 0 
knowledge o f  t h e  p r o b a b i l i t y  d i s t r i b u t i o n  P and t h e  va lue  of P P S L,S’ F,S 
and r e spec t ive ly .  Presented schemat ica l ly , the  values  of  t h e  para- 
meters can be seen i n  TABLE 2. 
The numbers used i n  t h i s  example are f o r  i l l u s t r a t i v e  purposes only,  and 
are intended t o  show some of t h e  d i f f i c u l t i e s  t h a t  might be encountered i n  
c u r r e n t  approaches t o  t h e  problem. They were chosen f o r  use  he re  because they 
are comparable wi th  t h o s e  occurr ing i n  o t h e r  recent  s t u d i e s  (v. [91, p.10).  
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* I Missions 
NL = '70 
NF = 30 
No = 20 
NV = 99 
Probab i l i t y  of  
Mission Success 
P = 0.85 
L,S 
P = 0.90 
F,S 
P = 0.80 
0 9s 
~~~ ~ 
Minimum Number 
of Ex t ra  Missions 
ML = 29 
MF = 12 
Mo = 16 
TABLE 2 
% of risl 
48% 
24 % 
16% 
12% 
K 
KL = 0.1 
KF = 0.2 
K = 0.3 
KV = 0 . 4 
0 
Values were then  computed f o r  P (v .  equat ions (14) with E = lo-?), PF, 
Po, and Pv. 
upper and lower bounds agreed t o  a t  least four  s i g n i f i c a n t  f i g u r e s ,  only 
L 
These r e s u l t s  a r e  presented i n  TABLES 3, 4, 5 ,  6 .  Since t h e  
t h r e e  s i g n i f i c a n t  f i g u r e s  are wr i t t en  i n  t h e  Tables. 
ML 
29 
30 
31 
32 
33 
~~ 
Maximum Acceptable 
values  of 
1.17 x lo-' 
1.10 x 
TABLE 3: N L =  70, P = 0.85, KL 
LYS 
= 0.1 . 
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r, M 
12 
13 
14 
15 
16 
17 
NV 
99 
101 
102 
104 
Maxi mum Accept ab 7.e 
values of 
pF 
Maximum Acceptable 
values of 
pV 
4.04 x 
3.96 x 
3.92 x 
3.84 x ioe6 
1.36 x 
4.60 x 
5.60 x 1 f 6  
5.89 
5."7 x lo-h 
6.00 x 1 8  - - 
= 0.00, K = 0.2 F TABLE 1 1 :  NF = 30, PF,s 
MO 
16  
17 
18 
IC, 
20 
21 
Maximum Acceptable 
values of 
- 
-6 3.28 x 10 
TABLE 5 :  No = 20, P = 0.80, KO = 0.30 
0 9s 
37 
If one r e c a l l s  t h a t  P = p P  (v .  equation 131, then  values  of p, L D 
t h e  p r o b a b i l i t y  of  one o r  more microorganisms on board a lander  caDsule as 
it impacts Mars, are ca l cu la t ed  i n  TABLE 7 f o r  var ious  values  of P D' 
ML - 
29 
30 
31  
32 
33 
34 - 
P, = 1 
- ~~ 
1.6P 
7.18 
9.89 x 
1.11 x 
1.17 x 
1.19 x 
P, = .1 
1.69 x lo-' 
7.18 x 
9.89 x 
1.11 10-5 
1.17 
1.19 10-5 
P, = .01 
1.69 x 
7.18 x lo'* 
9.89 
1.11 
1.17 
1.13 
TABLE 7: Maximum Acceptable Values of  p .  
P = .001 D 
4 1.60 x io- 
7.18 
9.89 
1.11 
1.17 x 
1.19 x 
TABLES 3, 4 ,  5 and 7 along with Figures  2 and 3 d i sp lay  t h e  data f o r  
a p a r t i c u l a r  example of  a poss ib l e  Martian Explorat ion Program, and r e v e a l  
two noteworthy aspec ts  of t h e  mathematical model. The most i n t e r e s t i n g  of  
are inc reas ing  func t ions  of t h e  number of e x t r a  these i s  t h a t  P 
missions planned, which c e r t a i n l y  con t r ad ic t s  i n t u i t i o n .  That i s ,  i n t u i t i o n  
sugges ts  t h a t  t h e  a l lowable r i s k  p e r  mission should decrease as t h e  number 
of missions increases .  The model,  however, i s  formulated mathematically i n  
terms of t h e  J o i n t  p r o b a b i l i t y  of success fu l ly  performing at least E experi-  
iiiczts m d  - ?let cnnt.nminating Mars. 
p r o b a b i l i t y ,  as t h e  p r o b a b i l i t y  o f  success fu l ly  performing at leas t  E experi-  
ments grows g r e a t e r ,  t hen  t h e  model allows t h e  cons t r a in t  on t h e  p r o b a b i l i t y  
of  not contaminating t h e  p l ane t  t o  grow smaller (wi th in  bounds),  and v i c e  
versa. 
PF, and P L' 0 
Thus, p r e c i s e l y  because P i s  a joint 
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I n  t h e  a c t u a l  app l i ca t ion  of t h i s  model t o  a given Martian Explorat ion 
Program, it seems best  t o  se t  conservat ive values  f o r  P L ,  Ps, and Po. That 
i s ,  t o  s e t  t h e  values  f o r  t h e  P ' s  a t  t h a t  value assoc ia ted  with t h e  minimum 
number of e x t r a  missions needed t o  successfu l ly  complete a t  least t h e  prescr ibed  
number of experiments ( f o r  each phase of t h e  Program). 
va lue  then covers a l l  p o s s i b i l i t i e s  and g ives  an added margin of  s a f e t y .  
I n  t h e  Lander phase of  t h i s  example, t h i s  would mean P, = 1.69 x l f 7  
This conservat ive 
(v.  TABLE 3).  This va lue  would automatical ly  
1. exac t ly  29 e x t r a  Lander missions are 
t o  be flown, and 
2. exac t ly  29 e x t r a  missions are needed 
f l y  X more, and 
a. X more are a c t u a l l y  flown, o r  
b.  less than  X more are flown. 
L 
cover t h e  cases  where: 
needed and no more a r e  
and it has been decided t o  
In  t h e  f irst  case ,  t h e  value f o r  P i s  p r e c i s e ,  while  i n  t h e  second case  
it may be conservat ive.  Given Case 2a,  it c e r t a i n l y  would be conserva t ive ,  
bu t  i f  Case 2b should occur f o r  some reason it could prove t o  be very p rec i se .  
Since one cannot r u l e  out  Case 2b, a conserva t ive  choice f o r  P can not  be 
r u l e d  out .  
L 
L 
Needless t o  s a y ,  similar arguments can be made f o r  P and Po. F 
The second i n t e r e s t i n g  aspect of  t h e  model i s  i ts  c r i t i c a l  dependence 
on t h e  p r o b a b i l i t y  of successfu l ly  completing a mission. This dependence i s  
c l e a r l y  i n  evidence i n  t h e  TABLES and Figures .  I f  one c o n t r a s t s  TABLE 11 
w i th  TABLE 5 ,  it i s  of p a r t i c u l a r  i n t e r e s t  t o  note  t h a t  i n  TARLE 11 which 
treats t h e  Flyby phase wi th  a p robab i l i t y  of  mission success  of  .QO, 12 
e x t r a  missions are needed t o  successfu l ly  complete t h e  30 requi red  missions,  
wh i l e  i n  TArjLE 5 with  a mission p robab i l i t y  of success  of  .80, at least 16 
e x t r a  missions are needed t o  successfu l ly  complete only t h e  20 requi red  missions.  
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' I  
T h i s ,  again,  l u c i d l y  shows t h e  c r i t i c a l  dependence of  t h e  Martian Explorat ion 
Program on t h e  p robab i l i t y  of successfu l ly  completing each mission. 
F ina l ly ,  a worc? n!ist be s a i d  i n  re fe rence  t o  TABLE 7 and Figure 3, 
which d isp lay  c, versus P 
i s  t h e  p robab i l i t y  of having no v iab le  non-Martian microorganisms on board 
t h e  lander  capsule  a f t e r  t h e  f i n a l  dry hea t  s t e r i l i z a t i o n  c y c l e )  and t h a t  
P ( 0 )  i s  t h e  goal  of  t h e  s t e r i l i z a t i o n  program, then  P 
parameter. Figure 3 graphica l ly  shows t h e  more t h a t  i s  known about P 
t h e  more t h e  c o n s t r a i n t  on p and P ( 0 )  can be  re laxed .  
If one r e c a l l s  t h a t  p = l-P(0) (where P(0) 
I)' 
becomes a very important D 
D' 
I n  conclusion, it i s  hoped t h a t  t h i s  example of a poss ib l e  Martian 
Explorat ion Program has helped t o  exemplify t h e  importance of t h e  var ious 
parameters. As promised i n  t h e  beginning of t h i s  s ec t ion ,  a companion r epor t  
i s  i n  prepara t ion  which w i l l  present  and f u r t h e r  comment on t h e  d a t a  generated 
i n  preparing t h i s  r e p o r t .  
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VII. summary 
c 
I ,  
I n  t h i s  document, a model i s  developed which relates t o t a l  p lane tary  
explora t ion  program ob jec t ives  t o  spacecraf t  o r i en ted  subobject ives .  
i s  done by f i r s t  decomposing t h e  explorat ion program i n t o  t h r e e  phases: 
t h e  lander ,  o r b i t e r  and f lyby phases. Each phase, i n  t u r n ,  i s  a s e r i e s  of 
missions,  and each mission 8 co l l ec t ion  of  experiments. 
successful experiment is  def ined,  and t h i s  l eads  d i r e c t l y  t o  t h e  d e f i n i t i o n s  
of a successfu l  mission, a successfu l  phase and a success fu l  explora t ion  
program. I n  p a r t i c u l a r ,  the explorat ion program is  s a i d  t o  be successfu l  
i f  some requi red  number of experiments i s  performed successfu l ly  by each 
phase o f  t h e  program without contaminating t h e  p l ane t .  
i n  t h i s  contex t ,  means t h e  deposi t ion of s u f f i c i e n t l y  many v iab le  t e r r e s t i a l  
microorganisms on the p lane t  t o  " b i a s  f u r t h e r  b i o l o g i c a l  experimentation. '' 
This  
The not ion of a 
Contamination, 
The model then  assumes t h a t  t h e  ob jec t ive  of t h e  p lane tary  explora t ion  
program i s  t h a t  t h e  p r o b a b i l i t y  of i t s  successfu l  completion, P, should 
not  be  less than  some prescr ibed  lower bound. The lower bound i s  t o  be 
prescr ibed  by a po l i cy  dec is ion ,  and i n  cu r ren t  literature, as w e l l  as i n  
t h i s  r e p o r t ,  it is  assumed t o  be 0.999. 
Mathematically, each of t h e  phases ( l ande r ,  f lyby  and o r b i t e r )  i s  
represented  i n  the  model by an expression of the  form 
where 
P 
K 
- is  t h e  p r o b a b i l i t y  of t o t a l  explora t ion  program success ,  
- i s  a number, 0 5 K 5 1, "proportioning" t h e  success  t o  t h e  phase 
i n  quest ion,  
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pC 
pS 
N 
M 
- i s  t h e  p robab i l i t y  t h a t  a given mission i n  t h i s  phase b i o l o g i c a l l y  
contaminates t h e  p l ane t  (assumed constant  ) , 
- i s  t h e  p robab i l i t y  t h a t  a given mission b e  success fu l  ( t h i s  refers 
t o  technologica l  success independent of contaminat ion) ,  
- is  t h e  minimum number of successfu l  missions needed t o  success fu l ly  
ccanplete t h e  given phase of t h e  t o t a l  explora t ion  program, and 
- i s  t h e  number of  add i t iona l  missions t h a t  one i s  w i l l i n g  o r  a b l e  t o  
launch i n  order  t o  increase  t h e  p r o b a b i l i t y  of success  of t h i s  program 
phase. 
The above expression represents  t h e  p r o b a b i l i t y  of completing N missions 
success fu l ly  i n  N + M t o t a l  missions ( i n  t h e  phase i n  ques t ion)  without 
b i o l o g i c a l l y  contaminating t h e  planet .  Accordingly, fl i s  c a l l e d  t h e  ' 
"p robab i l i t y  of successfu l ly  completing" t h e  phase i n  quest ion.  
assumes t h a t  t h e  ob jec t ive  of any given phase may be s t a t e d  as "the p r o b a b i l i t y  
of success fu l ly  completing t h e  phase should not  be less than some prescr ibed  
lower bound''. 
M, Ps, one may ob ta in  a requirement on P 
The model 
With t h i s  ob jec t ive ,  f o r  each f ixed  set of parameters K ,  N, 
C' 
The p r o b a b i l i t y ,  Pc, of b i o l o g i c a l  contamination from a s i n g l e  space- 
c r a f t ,  is  related, i n  t h e  model, t o  P(O), t h e  p robab i l i t y  of having no v i ab le  
terrestial microorganisms aboard t h e  spacec ra f t  at t h e  t i m e  of p lane tary  
impact. Thus, t h e  requirement on P 
is, t h e  p r o b a b i l i t y  t h a t  t h e  spacecraf t  is  s ter i le  must not  be less than some 
lower bound. 
is s u f f i c i e n t l y  near  1, then t h e  p r o b a b i l i t y  o f  contamination pe r  spacec ra f t ,  
Pc, w i l l  b e  s u f f i c i e n t l y  l o w  t o  guarantee t h a t  t h e  p robab i l i t y  of success  of 
t h e  phase i n  ques t ion  w i l l  be l a rge  enough t o  in su re  t h a t  t h e  program ob jec t ive  
i s  achieved. Thus, t h e  requirement tha t  t h e  p robab i l i t y  of spacecraf t  
leads t o  a requirement on P(O),  t h a t  C 
Thus, if P(O), t h e  p r o b a b i l i t y  t h a t  t h e  spacec ra f t  i s  s t e r i l e  
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i 
s t e r i l i t y  exceed some lower bound becomes a hardware o r i e n t e d  subobjec t ive  
t h a t  must be  achieved. 
This a n a l y s i s  m a y  be performed f o r  any f ixed  set of parameters P,K,N,M 
and Ps. 
t h e  model should be analyzed us ing  many combinations of  va lues  f o r  them. 
Because of t h e  unce r t a in ty  surrounding m a n y  of t h e s e  parameters, 
One f e a t u r e  of t h e  model is t h a t ,  f o r  f i xed  values  of  K , N  & M ,  t h e  
value of  P ( o )  is  very s e n s i t i v e  t o  v a r i a t i o n s  i n  Ps i n  some ranges of pS. 
Thus, f o r  example, if N = 80, M 
1-P(0) 2.17 x if Ps = 0.90 whi l e  1-P(0) 5 7.49 x f o r  
Ps s l i g h t l y  g r e a t e r  than  0.89. 
of P i n  which t h i s  i s  t h e  case.  A companion document i n  prepara t ion  w i l l  S 
treat t h i s  s e n s i t i v i t y  i n  more d e t a i l .  
20, P = 0.999, K = 1 and Pn = 1, 
Thus one must t a k e  c a r e  t o  avoid ranges 
It is  the o b j e c t i v e  of t h i s  document, and subsequent companion 
documents t o :  
- Present  a model which m a y  be used t o  r e l a t e  p l ane ta ry  explora t ion  
program o b j e c t i v e s  t o  engineer ing subobjec t ives  whose achievement 
w i l l  l e a d  t o  t h e  achievement o f  t h e  p l ane ta ry  explora t ion  program 
o b j e c t i v e s ,  
- Poin t  out poss ib l e  p i t f a l l s  t o  be avoided i n  order  t h a t  t h e  
program ob jec t ives  be achieved ( f o r  example, t h e  s e n s i t i v i t y  of a 
choice f o r  P t h e  p r o b a b i l i t y  of  engineer ing mission success)  , and S’ 
- Present a t a b u l a t i o n  of poss ib l e  parameter va lues  along with t h e  
consequences ( t h a t  is  ,requirements on parameters such as P( 0 )  , 
t h e  p r o b a b i l i t y  of spacec ra f t  s t e r i l i t y )  o f  choosing t h e s e  va lues  
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